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ABSTRACT 
This study was concerned with the synthesis of phosphorus nitride 
compounds and their related high analysis fertilizers from phosphorus 
sulfides and ammonia. The possible use of these compounds as fertilizer 
materials was discussed. The hydrolysis of phosphorus nitrides in the 
production of ammonium phosphate was investigated. Some analytical proce­
dures for the determination of phosphorus and nitrogen in the phosphorus 
nitrides and their related compounds were modified and improved. 
The synthesis of phosphorus nitrides required the ammoniation of 
phosphorus sulfides either in a vapor phase or in a liquid phase, as an 
intermediate step. The maximum ammoniation of phosphorus pentasulfide in 
vapor phase ammoniation at 14°C resulted in a compound The 
optimum ammoniation quantity, however, was 2 to 3 moles ammonia per mole 
phosphorus pentasulfide when the ammoniated sulfide was heated to produce 
phosphorus nitride. The optimum was based on the maximum recovery of 
phosphorus and nitrogen in the solid residue resulting from this heat 
treatment. The behavior of the ammoniated phosphorus pentasulfide under 
the heat treatment in an inert gas mixture of nitrogen and carbon dioxide 
or in pure nitrogen stream was studied. 
The vapor phase ammoniation of phosphorus heptasulfide proceeded 
similarly to the ammoniation of phosphorus pentasulfide but phosphorus 
sesquisulfide did not react with gaseous ammonia. All three phosphorus 
sulfides dissolved in liquid ammonia at temperatures ranging from -40 
to 20°C. The resulting liquid solutions were clear and retained good 
flow properties if the sulfides were dissolved to quantities somewhat 
V 
below their saturated concentrations. The vapor pressure of these solu­
tions was considerably lower than that of pure liquid ammonia. The 
residual product after the evaporation of excess ammonia at room tempera­
ture was nearly 100 percent water-soluble, indicating that solutions 
prepared from phosphorus sulfides and liquid ammonia can be used as 
fertilizers. The behavior of the residual product from the liquid-
ammonia solutions under heat treatment was investigated and the possibil­
ity of producing ammonium phosphate directly from the residual product 
was discussed. 
A study of the hydrolysis of phosphorus nitrides indicated that the 
phosphorus nitride compounds obtained by the methods described can be 
easily hydrolyzed in water to produce mono-ammonium dihydrogen phosphate. 
The presence of potassium-containing salts in a slurry of phosphorus 
nitride catalyzed the hydrolysis and suggested a possible formulation in 
which the plant nutrients would become slowly available to plants. 
1 
INTRODUCTION 
Nitrogen, phosphorus, and potassium are the principal plant 
nutrients. In the preparation of commercial fertilizers, nitrogen is 
fixed in the form of ammonia, potassium is mined in a form directly 
available to plants, namely potassium chloride, and phosphorus is avail­
able from mineral deposits of phosphate rock which is largely calcium 
fluorapatite. 
The phosphate rock itself has a relatively low PgOg availability*. 
It must be treated to produce available phosphorus. Phosphate rock can 
be treated with sulfuric acid or phosphoric acid to make phosphorus 
available as a plant nutrient (38, 48) in the form of monocalcium phos­
phate or dicalcium phosphate. The acidulation product resulting from 
sulfuric acid treatment is called normal superphosphate and the acidula­
tion product obtained with phosphoric acid is called triple superphos­
phate, the latter containing 45 to 50 percent available P^O^. 
The availability of PgOg can be increased by the thermal processing 
of the phosphate rock. The resultant product of the thermal process is 
either free phosphorus or a phosphorus-containing chemical mixture. 
Phosphorus nitrides can be produced by a thermal process in which free 
*The term availability refers to the percent of the total P2O5 which 
is soluble in neutral ammonium citrate solution. This is officially 
expressed as: 
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phosphorus liberated in the thermal decomposition reacts directly with 
active nitrogen under the influence of the electrical discharge or high 
pressure arc (18, 26, 44). Various chemical reactions of phosphorus-
containing chemicals with ammonia or nitrile compounds also produce 
phosphorus nitrides. In these reactions, phosphorus sulfides 
P4S3, and P4S7, phosphorus chlorides PCI3 and PCI5, phosphonitrilic 
chloride PNClg, phospham PNgH, and phosphonitrilamide PN(NH2)2 are used 
as basic raw materials. The product is obtained in the three forms P3N5, 
P4N6, and (PN)n. 
The thermal processes have certain advantages not found in acidula-
tion processes. These include independence of sulfuric or phosphoric 
acid supply and improved product characteristics such as the elimination 
of caking and bag rot. The production of phosphorus nitrides and their 
related compounds and the use of these compounds as concentrated forms of 
fertilizer or intermediate fertilizer raw materials have some additional 
advantages. Phosphorus nitrides are very concentrated in phosphorus and 
nitrogen and are not hazardous. Consequently it would be easier and less 
costly to transport these compounds. Phosphorus nitrides are inert 
chemically under the normal conditions of moisture and temperature. This 
should reduce to a great extent the problems arising during packing, 
shipping, and storage. 
In the chemistry of inorganic materials today, the phosphorus 
nitride compounds and their related chemicals became the interest of 
those investigators looking for polymeric materials which are resistant 
to the action of high temperatures. Scientists are again studying the 
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"phosphonitrilies." The attempt to produce high temperature stable 
polymers, whether they are thermosetting or thermoplastic, has stimulated 
a tremendous amount of research in an effort to replace or modify the 
temperature unstable carbon-containing organic polymeric systems by 
inorganic structures containing boron, silicon, or phosphorus together 
with oxygen and nitrogen (4). 
Because of the above mentioned advantages and uses, the process for 
synthesizing phosphorus nitrides from phosphorus and nitrogen or by other 
indirect chemical reactions has been investigated by many workers. These 
investigators have developed various methods of synthesizing the compounds 
and methods for carrying out reactions which produce the phosphorus 
nitride related compounds. The mechanisms of various reactions were also 
predicted. For the cases where phosphorus nitrides are not directly 
applicable, methods have been developed for hydrolyzing these compounds 
to produce ammonium phosphate, an effective fertilizer compound. The 
chemistry of such processes and the properties of these compounds have 
been studied by many workers. However, efforts have not yet been 
directed to the commercialization of such processes. This is due chiefly 
to the difficulties involved in working at high temperatures, to uncer­
tainties in understanding the complicated reactions, and to the problems 
of purifying these compounds. 
Anhydrous ammonia has long been adapted for the direct application 
to soils. The development and use of liquid ammonia, low vapor pressure 
nitrogen solutions, and mixed liquid fertilizers for direct application 
have been encouraged because of many advantages not found in the applica­
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tion of chemically blended solid fertilizers (6). The optimum physical 
conditions for minimizing the application losses were determined by 
various workers (6). However, these investigators did not consider the 
possibility of using plant nutrient-containing chemicals to lower the 
application losses. 
In the purely exploratory chemical study of anhydrous liquid 
ammonia, some workers have investigated the solubilities of certain 
metallic halides and perchlorates in liquid ammonia and have reported 
extensive solid-liquid equilibrium data (13, 21). It was unfortunate, 
however, that the possibility of using such technology in the practical 
development of the better liquid ammonia fertilizers had not been 
studied by these workers. 
The objective of this research was to undertake an investigation on 
one of the improved methods of synthesizing phosphorus nitrides, namely 
the synthesis from phosphorus sulfides and ammonia on a laboratory scale 
as an intermediate step to the process development. The feasibility for 
developing such a process for commercial production of concentrated 
phosphorus-nitrogen fertilizer was studied. 
A collateral objective was the study of the behavior of phosphorus 
sulfides toward liquid ammonia and the possible application of the liquid 
ammonia solutions of phosphorus sulfides as better liquid fertilizers. 
An additional objective was the study of the hydrolysis of phosphorus 
nitrides and their related compounds under various conditions. 
5 
REVIEW OF LITERATURE 
Application 
Certain properties of phosphorus nitrides, as reported by Stokes 
(43) and by Audrieth and co-workers (5), suggested preliminary plant 
culture tests. Some of the compounds proved to be good sources of nutri­
ent phosphorus and nitrogen. Other workers, Allison (1) and Maclntire 
and co-workers (20), found in pot tests that the phosphorus nitrides had 
practically no plant-food value. They concluded that to be effective as 
fertilizers, phosphorus nitrides must be converted to other compounds of 
nitrogen and phosporus. 
Preparation 
Phosphorus nitride has been synthesized directly from its elements. 
Moldenhauer and Dorsam (26) combined phosphorus and nitrogen under the 
influence of an electrical discharge at 4,000 to 15,000 volts. The dif­
ficulties which arise in this method were reported by Kohlschutter and 
Frumkin (18). Experimental data showed that the atomic ratio of phos­
phorus to nitrogen in the product was about one to one, indicating that 
the major component of the product was PN or its polymer (PN)n. This 
product was converted to P3N5 by heating in a vacuum. When a gaseous 
mixture of phosphorus and nitrogen was exposed to tungsten filament 
heated to at least 1,500°C, an appreciable quantity of phosphorus nitride 
was formed (15, 24, 32, 33, 35, 46). The rate of formation of phosphorus 
nitride in a high pressure arc whose temperature was at least 4,000eC was 
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about 10 times the rate of formation in the presence of a tungsten fila­
ment at 1,750°C. However, the synthesis by high pressure arc could not 
be a practical process because of its high power requirement. 
Phosphorus pentachloride or trichloride was used as raw material for 
the synthesis of phosphorus nitrides (25, 27, 28, 31, 37). Resublimed 
PClij was reacted with dry ammonia at -50°C in a special apparatus. A 
white compound corresponding to P(NH) 2^2 was isolated. On being heated 
in vacuum, the diaminoamide began to decompose at 50eC and decomposition 
was completed after heating for 100 hours at 350 to 400°C to form 
phospham PN2H and ammonia. This in turn decomposed at 480°C to form P3N5 
and ammonia. At 750°C phosphorus nitride was completely decomposed into 
phosphorus and nitrogen. 
Another important method of synthesizing phosphorus nitrides used 
phosphorus pentasulfide and ammonia as raw materials. As investigated 
by Stock (42), phosphorus pentasulfide was first reacted with ammonia at 
-20*C to produce (^3)^285. This product was ammoniated for a longer 
time to produce (NH3)yP2Sg. The ammoniated phosphorus pentasulfide was 
then heated in an inert gas atmosphere of nitrogen or in a stream of 
hydrogen and ammonia. The residual product after liberation of hydrogen, 
ammonia, hydrogen sulfide, and some free phosphorus had the same proper­
ties as P3N5. Stock's experiment also showed that a portion of the 
ammoniated phosphorus pentasulfide when heated formed a different 
compound identified as PNS. When this compound was heated at 800°C, it 
decomposed into sulfur and (PN)Q. Behrens and co-workers (7, 8) showed 
that tetraphosphorus heptasulfide P4S7 and tetraphosphorus pentasulfide 
7 
P4S5 instead of P S^- q^ can be used with liquid ammonia to produce phos­
phorus nitride P N . Tetraphosphorus pentasulfide was dissolved in 
liquid ammonia, filtered and evaporated. The residue, kept for 20 hours 
in vacuum, yielded (NH4)3^85(^2)3> a canary-yellow hygroscopic solid 
which decomposes at room temperature with the elimination of a small 
amount of NH3. Heated at 70°G in a vacuum, it assumed an intense gold-
yellow color and yielded (NH^^I^S^Itt^^' When heated in vacuum above 
70°C, it evolved HgS. The colorless sublimation residue from the dispro-
portionation of (NH^) ^4^5(^2^ 2 repeatedly extracted with liquid ammonia 
and then heated several hours at 180°C gave P^S 3(^)7 which gave HgS and 
P3N5 when heated in a nitrogen stream at 750eC. 
Reactions between P^S^Q and NH^Cl (42), other phosphorus halides and 
ammonia (47), Mg3Ng and PCI5 (36), or active nitrogen and PH3 (49) also 
gave phosphorus nitrides. 
Solubility in Liquid Ammonia 
Certain inorganic compounds are soluble in liquid ammonia. The sol­
ubilities of some metallic halides and perchlorates as well as their salt 
pairs at temperatures ranging from -77 to 50eC in liquid ammonia were 
determined by several investigators (13, 21). In Marshall's experiment 
the solubilities of metallic halides were found to be very low and the 
vapor pressure of ammonia in the solution v«_a about the same as pure 
ammonia at the temperatures investigated. Ammonium chloride and metallic 
perchlorates were dissolved in liquid ammonia to a great extent at 50eC. 
The vapor pressure of ammonia in these solutions was considerably reduced. 
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However, neither of the investigators considered the possible use 
of such solutes for lowering the vapor pressure of liquid ammonia in its 
practical applications. A number of investigators (7, 27) carried out 
the study of the behavior of phosphorus sulfides and chlorides toward 
liquid ammonia and studied the process of changing the chemical struc­
tures of these compounds and the process of synthesizing phosphorus 
nitrides and their related compounds. The thermodynamic properties of 
solutions of the sulfides and chlorides in liquid ammonia were not known. 
Even though a great number of investigators reported on the application 
studies of various phosphorus sulfides to be used as ingredients in 
lubricating oil and other related products, there are practically no 
reports on the solubilities and the thermodynamic properties of phosphorus 
sulfides in liquid ammonia nor on the possible use of the sulfides in 
order to improve the handling and storing properties of anhydrous liquid 
ammonia and the value of liquid ammonia as fertilizer. 
The determination of the solubility of phosphorus sulfides in liquid 
ammonia could be made in a manner similar to that reported for determina­
tion of the solubilities of metallic halides in liquid ammonia (13, 21). 
A theoretical treatment of the solubility data could be used to determine 
certain thermodynamic properties of the solutes and solvents. The change 
of solubilities of non-volatile non-electrolytic solutes in ideal solu­
tions with temperature and pressure was theoretically treated by the 
following equations (19): 
(4#? -  ^
where Xg = the mole fraction of solute in solution 
P = pressure 
T = temperature 
Vg - the molal volume of solid solute 
= the differential heat of solution 
Hg - the molal heat of solid solute 
Hg = the molal heat of supercooled liquid solute 
and R = the universal gas constant. 
Since the molal volume of solid solute is about the same as the molal 
volume of pure supercooled liquid solute at the same temperature, in a 
system which involves only liquid and solid, the effect of pressure upon 
the equilibrium is so small as to be ordinarily neglected. Equation 2 
then becomes after integrating between limits: 
where xg' and Xg" are the solubilities in mole fractions at temperatures 
T1 and T" respectively. 
If the differential heat of solution can be assumed to be 
constant and the molality of solute is very small so that 
x2 ~ mg/Cmg+lOOO/M) = m^M/lOOO, then the above equation becomes: 
(3) 
where m^ is the molality of solute and M the molecular weight of solvent. 
This equation can be used to determine the differential heat of solution. 
Further development of the solubility data and theories of solutions 
can help determine the additional thermodynamic properties of solutions 
(19). 
Theoretical Considerations 
Sufficient data are available for the calculation of the thermo­
dynamics of the formation of PN molecules but not for the other known 
nitrides, (PN)n, P4N5, and P3N5 (16, 22). Curry, Herzberg, and Herzberg 
(11) measured the molecular constants of PN vapor spectroscopically and 
showed that the vapor is diatomic. McCallum and Leifer (22) used the 
rotational and vibrational constants reported by Curry and co-workers to 
calculate the thermodynamic functions for the PN molecule over the range 
100* to 1,000°K. They used the widely accepted constants for phosphorus 
and nitrogen (2) to calculate the equilibrium constants for the reaction: 
p2 <S) + n2 (g) <--- 2 PN (g) (5) 
over the range 1,073 to 1,273°K. The heat of reaction was calculated to 
be -2,300 calories, but McCallum and Leifer pointed out that a change of 
only a few tenths of one electron volt in the value for the energy of 
dissociation of PN vapor would markedly change the value of the equilib­
rium constant. Douglas (12) showed that the dissociation energy of PN is 
probably 9.756 electron volts instead of the 7.373 electron volts report­
ed by McCallum and Leifer. The uncertainties in the fundamental data 
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cast serious doubts on the validity of the calculated thermodynamic func­
tions of phosphorus nitride and the need for further fundamental studies 
is apparent (16). 
Moureu and Rocquet (29) showed an empirical relationship for the 
equilibrium constant of the decomposition reaction: 
4 p3n5 <:::> 3 p4 (vap) + 10 n2 (6) 
in terms of the heat of reaction and the temperature assuming that the 
substances involved in Equation 6 are all ideal gases. Since the above 
mentioned substances deviate significantly from the ideal behavior 
depending on reaction conditions, use of this relationship would result 
in a great error. Moureu and Rosen (30) experimentally justified the 
hypothesis of the existence of equilibrium: 
(pn)u » ?N m 
They showed that PN vapor is the first reaction product in the synthesis 
of phosphorus nitride from its elements, and that the formation of the 
polymerized solid (PN)n or the higher nitrides involves reactions of PN 
vapor. Moureu and Wetroff (33, 34) calculated the heat of formation of 
(PN)n using the heat of combustion and the heat of polymerization. They 
are 21+1 kg-cal. per gram-mole and -45+5 kg-cal. per gram-mole, 
respectively. 
Stock and Hoffman (42) reported the reactions taking place in the 
ammoniation and the subsequent heat treatment of phosphorus pentasulfide. 
When P^S^q is reacted with ammonia at -20°C, the former absorbs 6 moles 
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of ammonia to form (^^^P^S^ according to the reaction: 
3 
NH4SxÏÏ" /SNH4 
(8) 
Additional ammoniation of the product in Equation 8 gives: 
NH NHONH 
N«4S\II 
NH.fi/  H4S 
(9) 
and, when this compound is heated above room temperature, the bond be­
tween base sulfur and phosphorus breaks to form two distinct compounds: 
The first compound evolves NH3 and HgS when heated at 700°C, giving a 
residual product P3N5. The second compound when heated becomes PNS which 
has similar properties of PON. Upon heating PNS they obtained a P3N5 and 
PN mixture. They claimed that the first compound in Equation 6 can also 
be obtained through heating P^ S^ q directly in dry ammonia at 230°C. 
Heating this product to red heat in a stream of nitrogen or hydrogen gave 
P3N5. The analytical work was done by means of water hydrolysis. 
Behrens and co-workers (7, 8), in the study of behavior of non-
metallic and metalloid chalcongenides toward liquid ammonia, formulated a 
series of reactions involved in the preparation and transformation of 
phosphorus sulfides and their derivatives. Their study involved reactions 
of P^Sy and P^S^ with liquid ammonia and subsequent heat treatments. The 
and rx 
xsnh4 
(10) 
NH^/ 
13 
reaction products with liquid ammonia at -33°C were (NH^PSg, 
(NH4)2PS3NH2, (NH4)3P3S3(NH3)3, and NH^PgSN. The first and second 
compounds gave a mixture of thiophosphates of varying nitrogen content 
at 100°C and gave NH3, HgS and PNS at 250®C. At 750°C in a stream of 
ammonia, the first product gave polymeric P3N5. The reaction of P4S5 
and liquid ammonia yielded ammonium compounds with 4 phosphorus and 5 
sulfur atoms in their molecular structure. The products dispropor­
tionate^ at a temperature above 140°C into P4S3 and P4S3(NH)y and 
formed simultaneously in side reactions about 10 percent P4Sy(NH3), 
P4S1Q, and P4S7. The compound P4S3(NH)y heated in a nitrogen stream at 
750°C gave HgS and P3N5 according to the reaction: 
3 P4S3(NH)7 > 4 P3N5 + 9 H2S + NH3 (11) 
The molecular structures of these compounds were also shown by the 
investigators (7, 8). 
Stock and Hoffman (42) attempted to improve the purity and yield of 
the product obtained in the synthesis from phosphorus pentasulfide and 
ammonia. The use of pure P4Siq and pure dry ammonia was suggested. 
Properties 
The material synthesized by the arc process (15) was an amorphous 
mixture of (PN)n, P4NG, and P3N5. The (PN)n content was usually more 
than 60 percent. The vapor pressure of (PN)n is quite low at temperatures 
below 440°C. At temperatures between 440* and 800°C, (PN)n vaporizes 
slowly and decomposes into elements if maintained at these temperatures. 
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For this reason the vapor pressure of (PN)n could not be measured at 
temperatures around 800°C. Both and P3N5 can be sublimed at tem­
peratures up to 950°C. Both nitrides, however, begin to decompose at 
720°C in a vacuum. Phosphorus pentanitride is known to have a distinct 
X-ray diffraction pattern (15). 
Mellor (23) reported that P3N5 has the specific gravity 2.51 at 18°C 
and molecular volume 65.2 liters at 910°C, the decomposition temperature. 
It has no smell nor taste. The nitride is chemically inactive at 
ordinary temperatures, but at a high temperature it acts as a powerful 
reducing agent in consequence of its dissociation into phosphorus and 
nitrogen which begins at 760°C in a vacuum. 
(PN)n is obtained by the decomposition of P3N5. It is an orange-red 
inactive compound and is reported to vaporize at 600°C and decompose at 
800°C (27, 29). 
?4^6 *s an inflammable substance. When heated at 700°C it 
decomposes into (PN)n and nitrogen (27). The phosphorus nitrides are in­
soluble in water at ordinary temperatures (29, 31). They are decomposed 
by fuming sulfuric acid with the formation of ammonia and phosphoric acid 
(25). Phosphorus pentanitride reacts with sulfuric acid without a sign 
of S0% being evolved but both P4N5 and (PN)n evolve SOg gas (27). 
Phosphorus nitrides are insoluble in dilute nitric acid, hydrochloric 
acid, and alkalies. They decompose slightly in concentrated nitric acid 
and dilute sulfuric acid. The reaction of the nitrides and fuming sul­
furic acid is used in the chemical analysis of the phosphorus nitrides. 
Phosphorus sulfides which are used in the synthesis of phosphorus 
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nitrides are reported to have the physical and chemical properties as 
shown in Table 1. The specifications of the technical grades of phos­
phorus sulfides available in the United States are presented in Table 2. 
Table 1. Properties of phosphorus sulfides (17) 
Properties P4S3 P4S7 P4S10 
Melting point, °C 
Boiling point, °C 
Specific gravity at 17°C 
Color: Solid 
Liquid 
Action with cold water 
171-172.5 
407-408 
2.03 
yellow 
brownish-yel. 
scarcely 
attacked 
305-310 
523 
2.19 
186-290 
513-515 
2.09 
almost white yellow 
light yellow reddish brown 
fairly readily slowly 
decomposed decomposed 
Table 2. Manufacturer's specification for technical grades of phosphorus 
sulfides (17) 
Specifications P4S3 p4®7 P4S10 
Total phosphorus, percent 59.0 35.3 27.8 
Free phosphorus, percent none none none 
Freezing point, °C >170 >298 >275 
Moisture content, percent <0.4 
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Hydrolysis 
Moureu and co-workers (27, 31, 32) studied the reaction of phosphorus 
nitrides with water and found that the following reactions take place in 
sealed glass tubes. 
P3N5 + 12 H20 —-> 2 (NH4)2HP04 + NH4H2P04 (12) 
P4N6 + 15 H20 —--> 2 (NH4)2HP04 + NH4H2P04 + NH4H2P03 (13) 
(PN)n + 3n H20 ---> n NH4H2P03 (14) 
The ammonium phosphite thus formed in the reactions 13 and 14 reacted 
further with water to form ammonium phosphate: 
NH4H2po3 + h2° > NH4H2P04 (15) 
They found that the reactions of either P3N^ or P4N^ with water in a 
sealed glass tube at 215°C is completed in 12 hours, but the hydrolysis 
of (PN)n under the same condition requires 48 hours. A small amount of 
phosphine was always formed in the hydrolysis of (PN)n« 
Equations 12 to 15 show that the conversion of P3N$ into ammonium 
phosphate is the result of hydrolysis only, whereas the conversion of 
(PN)n and P4Ng involves both hydrolysis and oxidation of the hydrolyzed 
product. 
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INVESTIGATIONS 
Part I. Phosphorus Nitrides from PgSg and Gaseous NH3 
Ammoniation of phosphorus pentasulfide 
Phosphorus pentasulfide PgSg whose physical properties are shown in 
Tables 1 and 2 was obtained in 1 pound reagent bottles from Matheson 
Coleman and Bell Company, Cincinnati, Ohio. Ammonia was obtained from 
Matheson Company, Joliet, Illinois. 
The vapor-phase ammoniation of phosphorus pentasulfide was carried 
out in a water-cooled condenser as shown in Figure 1. The water-cooled 
condenser is made of 1 and 2 inch I.D., 8 inch long glass tubing. The 
cooling water at 14°C passed through the outer jacket keeping the inner 
glass tube at a constant temperature. The inner tube was connected to a 
flowmeter by flexible tubing. The condenser was then placed on a triple 
beam balance. 
One hundred and eleven grams of phosphorus pentasulfide was weighed 
and placed in the condenser. The powdered P^S^ was firmly placed in the 
mid-section of the inner tube by means of glass wool supported by two 
cork stoppers. Ammonia was passed through the phosphorus pentasulfide 
bed. The gain in weight of phosphorus pentasulfide as a result of the 
reaction between P^S^ and ammonia was recorded along with the time of 
reaction. Two different flow rates of ammonia, 350 cm./min. and 700 cm./ 
min., were used. 
The cumulative number of moles of ammonia reacted with each mole of 
phosphorus pentasulfide was calculated from the gain in weight of 
Glass 
wool 
"—-j riexiDi 
1 
^tfCooling tubing 
Flex ble 
water in 
X, 
Rotameter 
J 
00 
Triple beam balance Ammonia 
Figure 1. Apparatus for the vapor-phase ammoniation of phosphorus pentasulfide 
phosphorus pentasulfide assuming that the weight increase was only due to 
the addition of ammonia to phosphorus pentasulfide. The validity of this 
assumption was later checked and justified from the results obtained in 
the analysis of total nitrogen and phosphorus (9). The analysis was 
checked by making hydrogen and sulfur balances assuming these two elements 
to be present in the proper stoichiometric quantities. 
The results of the cumulative ammoniation were plotted against time 
as shown in Figure 2. The rate of ammoniation, moles NHg reacted per 
mole of PgSg per minute, was also calculated and its relationship with 
the degree of ammoniation are shown in Figure 3. The numerical data are 
shown in Table 7 in the Appendix. 
It was observed that the rate of ammoniation is high for the lower 
flow rate of ammonia passing through the PgSg bed. In Figure 2, the 
curves if extended approach asymptotically 5 moles NH-j per mole PgSg. 
It was found in several groups of experiments that the maximum quantity 
of ammoniation at 14°C is 5 moles NH^ per mole of PgS^. This result 
agreed with the behavior of the curve for the reaction time beyond 1,000 
minutes. The curves for the rate of ammoniation at two different flow 
rates of ammonia in Figure 3 approach zero at 5 moles per mole PgSg of 
the ammoniation quantity. From this it can be said that the final 
product of the ammoniation reaction should yield the compound (NH3)sP2S5 
or (NH3)ioP4S10' 
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Figure 2. Cumulative ammoniation versus reaction time 
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The optimum ammoniation quantity 
The recovery of nitrogen and phosphorus and the purity of the 
product in the heat treatment of the ammoniated showed an apparent 
dependence on the degree of ammoniation. The use of ammoniated phosphorus 
pentasulfide with a low degree of ammoniation (less than 5 moles ammonia 
per mole PgSg) was recommended previously in order to improve the 
recovery of nitrogen in the synthesis of phosphorus nitrides (14). 
A cost analysis of the consumed ammonia and phosphorus pentasulfide 
can be used to determine an optimum degree of ammoniation of phosphorus 
pentasulfide. This cost analysis was based on the consideration that the 
recovery of nitrogen and phosphorus in the product is the determining 
factor. 
Phosphorus pentasulfide was incompletely ammoniated to five differ­
ent quantities varying from approximately one mole to 4.5 moles of 
ammonia reacted per mole of phosphorus pentasulfide. Two and one-half 
gram samples of the incompletely ammoniated phosphorus pentasulfide were 
placed in a reaction boat and each sample was heated to a preassigned 
temperature in an inert gas atmosphere of nitrogen and carbon dioxide for 
a period of 90 minutes. The inert gas mixture, prepared in such a 
composition that the complete elimination of oxygen in air by means of 
combusting coke particles would produce the same mixture, was passed 
through a heating tube at a rate of 1.3 ft./sec. A mixture of nitrogen 
and carbon dioxide was used instead of pure nitrogen because a higher 
product purity and recovery was obtained when the gas mixture was used 
(14). 
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The inert gas was first heated in the preheating zone of the reac­
tion tube, heated by an electric tube heater, and then passed over the 
reaction boat as shown in Figure 4. The tube was 24 inches long and 
1 inch in diameter. This heating tube was large enough to allow sample 
insertion in a No. 5 zircon combustion boat. A chromel-alumel thermo­
couple was placed in the tube upstream from the reaction boat. 
The samples were treated at temperatures of 650*, 725°, and 800°C. 
For one series of samples, the temperature of the heater was slowly 
raised to a desired final temperature during a period of 45 minutes and 
kept at this temperature for an additional 45 minutes. The other series 
of samples were treated at a steady temperature for 90 minutes from the 
beginning of heat treatment. 
The product after the heat treatment was analyzed for total nitrogen 
and total phosphorus. The recovery of nitrogen and phosphorus and the 
purity of the product were calculated. The recovery of nitrogen and 
phosphorus in percentage is given by the following equations: 
Percent nitrogen = weight of total N, in product 
recovery ~ (weight of ammoniated PgSg)(% Ng) ' ' 
Percent phosphorus _ weight of total Phos. in product 
recovery ~ (weight of ammoniated PgSg)(%P) 
The purity of the product is the sum of the weight percentages of phos­
phorus and nitrogen in the heat treated product. The results are 
tabulated in Table 8 in the Appendix and their relationships with the 
degree of ammoniation of the original samples are shown in Figures 5 and 
6. Figure 5 is for the results of heat treatment at transient tempera-
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Figure 4. Apparatus for the heat treatment of ammoniated phosphorus pentasulfide 
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tures and Figure 6 for the results at steady temperatures. The results 
are averaged over three different temperatures as the behavior of curves 
at different temperatures were very similar to one another. 
The phosphorus recovery increased but the nitrogen recovery decreased 
as the degree of ammoniation increased. With the assumption that the 
recovery of nitrogen from ammonia and the recovery of phosphorus from 
are the controlling factors in determining the production cost of 
phosphorus nitrides the recovery of phosphorus and nitrogen were combined 
with the cost of ammonia and phosphorus pentasulfide by the following 
equation in order to obtain the combined recovery: 
f cost \ / cost \ 
Combined = *lb* P2S5 / (% P rec.) + \ lb> NH3 / (% N rec.) (18) 
recovery / cost \ / cost \ 
I lb. P2S5/ +Vb. NH3 ) 
The cost of PgSg and that of NH3 used here were 13% cents per pound and 
24 cents per pound, respectively. 
The combined recovery was plotted against the degree of ammoniation. 
As can be seen in Figures 5 and 6, the curves for the combined recovery 
exhibited an optimum point at about 2.5 of the ammoniation quantity. In 
this case the purity of the product, heat consumption, or cost of inert 
gas was not considered for determining the optimum point. It can be 
observed from Figures 5 and 6 that the optimum ammoniation quantity will 
coincide with the point of maximum purity somewhere between 3 and 4 moles 
of ammonia per mole of PgSg if the purity of the product is the control­
ling factor in determining the production cost. 
The results were consistently higher for the runs at steady 
temperatures than transient temperatures. This may be due to the loss 
of free nitrogen and phosphorus from the ammoniated PgS^ during the 
heating-up period of 45 minutes when the decomposition reaction was not 
completed. In order to prevent this loss the reaction should be carried 
out at a steady temperature. 
Heat treatment of ammoniated phosphorus pentasulfide 
Samples of 2.5 grams were taken from a batch of phosphorus pentasul­
fide which was ammoniated to 2.5 moles ammonia per mole of phosphorus 
pentasulfide. The samples were treated in the heating apparatus shown in 
Figure 4. Heater temperatures used were 650°, 725*, and 800*C. The time 
of heat treatment varied from 20 minutes to 100 minutes. One series of 
samples was heated in a pure nitrogen atmosphere and the other in an 
atmosphere of nitrogen and carbon dioxide. The heated sample was taken 
out of heating tube and the residual product in the reaction boat was 
analyzed for the total nitrogen, total phosphorus, and water soluble 
nitrogen and phosphorus. 
This investigation was made in a 3-by-5 factorial plot with two 
replicas. The runs for one replica were carried out in a pure nitrogen 
stream and the runs of the other were carried out in an atmosphere of 
nitrogen and carbon dioxide prepared in such a composition that the 
complete elimination of oxygen in air by means of combusting coke 
particles would produce the same mixture (10, 39). The inert gas was 
passed through the heating tube at a rate of 1.3 ft./sec. 
The results are tabulated in Table 9 in the Appendix. Figures 7 to 
11 show the relationships between the nitrogen recovery, percent purity 
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and percent water-soluble or percent water-insoluble nitrogen and phos­
phorus, and the time of heat treatment, for those instances where the 
statistical F-test showed significance. The F-tests showed that the 
recovery of phosphorus does not significantly depend on the time of heat 
treatment but on the reaction temperatures. At a given temperature the 
concentration of phosphorus remains the same regardless of heating time. 
The results obtained for the runs with a pure nitrogen atmosphere 
and the results for the runs with the gas mixture atmosphere were found 
to be nearly the same. Since the cost of the gas mixture.is cheaper than 
that of pure nitrogen, the use of the inert gas mixture of nitrogen and 
carbon dioxide is preferred. Apparently nitrogen or carbon dioxide had 
no effect on the decomposition reaction of the ammoniated phosphorus 
pentasulfide. 
Nitrogen was continuously lost during the heat treatment. A sharp 
decrease in the nitrogen recovery was shown when the ammoniated phos­
phorus pentasulfide was heated for a time longer than 80 minutes. The 
relationship between the nitrogen recovery and the heating time is shown 
in Figure 7. The optimum heating time will depend on several factors 
such as nitrogen recovery, phosphorus recovery and the product purity. 
If the required purity of the product is 70 percent the heating time be­
tween 80 and 90 minutes would be preferred. The purity of the product 
increased as the time of heat treatment increased. Higher purity was 
shown for the runs at higher temperatures. A maximum purity 71 percent 
was made by heating the ammoniated sample at 800°C for 100 minutes. 
However, the purity continues to increase as the temperature or heating 
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time increases as shown in Figure 8. 
The ammoniated phosphorus pentasulfide is nearly completely soluble 
in water but phosphorus nitrides are not soluble at ordinary tempera­
tures. For this reason the percent water-soluble nitrogen or phosphorus 
in the product may be considered as the fraction of the sample unreacted 
during the heating period. The percent water-soluble nitrogen approached 
zero after a sufficiently long time of heat treatment. As shown in 
Figure 9, the percent water-soluble nitrogen was less than one percent 
when the sample was heated for a time longer than 90 minutes. In Figure 
10 the percent water-insoluble phosphorus increased with the time of heat 
treatment. More conversion to insoluble product is shown as the heating 
time increases. Higher temperature in the heat treatment corresponded to 
the higher rate of conversion. 
As shown in Figure 11, the water-insoluble nitrogen increased as 
heating time increased. In comparing these curves with those in Figure 
9, it can be said that the reaction is expected to be complete within two 
hours when the samples are heated in this temperature range, or more 
precisely, that the product after a certain time of heat treatment 
retains an equilibrium concentration of nitrogen. The water-soluble 
phosphorus in the product does not approach zero as the heating time 
increases. 
The exit gas from this experiment was collected and analyzed by gas 
chromatography. The separation of exit hydrogen sulfide was successful. 
A small amount of hydrogen sulfide was evolved from the ammoniated phos­
phorus pentasulfide for a few minutes at the start of the heating but 
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none was shown after that. The existence of hydrogen sulfide in the exit 
gas is due to the fact that it takes a few minutes to heat up the reaction 
boat to a desired temperature and HgS is formed during this time. Hydro­
gen sulfide is not stable at the temperatures being investigated. 
Attempts to separate other gases which were considered to exist in the 
exit-gas mixture were not successful. 
Part II. Phosphorus Nitrides and Intermediate Compounds from 
P4S3, P4S7, P^S q^ and Liquid Ammonia 
Solubility of phosphorus sulfides in liquid ammonia 
The solubility experiment was carried out in a pressure reaction 
apparatus purchased from Parr Instrument Company, Moline, Illinois. The 
apparatus is shown in Figure 12. The pressure reaction apparatus has a 
thermowell, agitator, gas outlet valve, and pressure gage. Either a low-
temperature glass thermometer or a dial thermometer could be used in the 
thermowell. An external electrical heater could be adjusted to any 
desired temperature in the interested range. 
A measured quantity of liquid ammonia was placed in the pressure re­
action apparatus and phosphorus sulfide was slowly added to the liquid at 
the atmospheric pressure. Phosphorus sulfides were all soluble in liquid 
ammonia, leaving clear liquid solutions if they were dissolved to a 
quantity under the saturation point. Phosphorus pentasulfide and 
sesquisulfide dissolved in liquid ammonia much faster than phosphorus 
heptasulfide. 
Phosphorus sulfides were dissolved in liquid ammonia to quantities 
far below their saturation points at the atmospheric pressure. The 
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Figure 12. Pressure reaction apparatus with accessories 
apparatus was then closed and for a few minutes the gas outlet valve was 
left open in order to evaporate a small amount of ammonia and to drive 
out all the impure gases remaining in the apparatus. The valve was then 
closed and the correct weight of liquid ammonia in the solution was 
recorded. The weight of phosphorus sulfide was also recorded. The vapor 
pressures of solution at solution temperatures of -10*, 0°, 10e, and 20*C 
were recorded. When one set of data was obtained for a known concentra­
tion of the solution the gas outlet valve was opened and some liquid 
ammonia was evaporated leaving a more concentrated solution. The whole 
apparatus was cooled as a result of the evaporation of ammonia, which 
made it possible to collect another set of data for the more concentrated 
solution at the temperatures indicated above without having to cool the 
solution externally. 
This process was continued until no more ammonia could be evaporated 
from the bomb or until the mixture did not exert an appreciable vapor 
pressure. Since the amount of phosphorus sulfide in the solution does 
not vary during the experiment and the quantity is known, the evaporation 
process gave a series of different concentrations of the sulfides in 
liquid ammonia. 
The saturation points of the solutions at different temperatures 
were determined by using phosphorus sulfide in excess far beyond the 
saturation concentration of sulfide in solution at 20*C. The apparatus 
was then closed and the final saturation vapor pressure-temperature data 
were recorded. In this last experiment, the concentrations of the solu­
tions were not known but superimposing the saturation vapor pressure-
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temperature data on the vapor pressure-temperature-concentration plot 
previously obtained made it possible to determine the saturated concen­
trations. 
The saturated solutions at different temperatures were removed from 
the apparatus. Liquid-ammoniated solid solutes were obtained by 
evaporating the free ammonia from these solutions. The properties such 
as water-solubility and nitrogen and phosphorus content were determined. 
The vapor pressure-temperature-concentration data are shown in Table 
10 in Appendix. They are also graphically shown in Figures 13 through 
15, each for a different phosphorus sulfide. Saturation curves are also 
plotted on the same graphs to locate the saturation points. It is ob­
vious from the graphs that the vapor pressure of liquid ammonia can be 
considerably reduced by dissolving phosphorus sulfides to form phosphorus-
nitrogen containing solutions. The reduction in vapor pressure was the 
highest for the system P^S^g-liquid ammonia and the lowest for the system 
p4s7-liquid ammonia. The reduction in vapor pressure increases with the 
increase in concentration of the solute in liquid ammonia. A 28 percent 
reduction in vapor pressure was observed for the saturated solution of 
P4S10 and liquid ammonia at 20*C. The saturated solutions were very 
thick and viscous but formed clear solutions at all temperatures. It 
should be noted that in the application of liquid solutions for fertiliz­
er purposes the highly concentrated solutions cannot be recommended 
because of their undesirable flow properties. The graphical relation­
ships between vapor pressure and the molality of solution for all three 
different sulfides appeared to be very similar to those in Figures 13 to 
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15 and hence are not shown in this report. If the solution were ideal so 
that Raoult's law holds for the liquid phase at all concentrations these 
relationships should have been straight lines. The experimental data did 
not confirm the straight-line relationships. 
The relationship between the solubilities of phosphorus sulfides in 
liquid ammonia and the temperatures of solutions are shown in Figure 16. 
The system P^S Q^-liquid ammonia showed the highest solubility, 52 percent 
by weight of P^S q^ at 20°C. At the same temperature the solubilities of 
P^Sg and P4S7 were 44 and 28 percent respectively. The solubilities of 
phosphorus pentasulfide at various temperatures were higher than those 
for the other two sulfides at the same temperatures. 
The solubility data were used to determine the differential heats of 
dissolution for all three phosphorus sulfides in liquid ammonia by using 
Equation 4. It was assumed that the effect of pressure on the solubili­
ties is negligible, the solution is ideal, and AH is constant. The 
substitution of the constants R and 2.303 for the change of natural 
logarithm to base-ten logarithm gave the following equation: 
l0gE^"= - 4:576 ( T% îO (4a) 
If log mg is plotted against (1/T), the slope of the straight line should 
equal (- AH/4.576). The log m^ obtained from Table 10 was plotted 
against (1/T) for three phosphorus sulfides. The relationships are shown 
in Figure 17. 
The relationship between log mg and (1/T) was a straight line for 
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both and P^Sy system with liquid ammonia, but a curvilinear rela­
tionship was shown for the system P^S^Q-liquid ammonia in the investigat­
ed temperature range. However, the curve for the system P^S^g-liquid 
ammonia can be broken down to two straight lines and it was possible to 
estimate the slopes of two straight lines for the specified limits of 
temperatures. The slopes of straight lines for both systems P^Sg-liquid 
ammonia and P^Sy-liquid ammonia were also determined. Multiplication of 
the slopes by -4.576 (cal/deg.mole) gave the differential heat of disso­
lution shown in Table 3. This information on the differential heat of 
Table 3. The differential heat of dissolution for the systems 
phosphorus sulfides-liquid ammonia 
Phosphorus 
sulfide 
Applicable 
temperature 
range 
Differential 
heat of 
dissolution 
cal/mole 
P4S10 -40 to 0*C 2,590 
10 to 20°C 1,260 
P4S3 -40 to 20°C 2,560 
p4s7 -40 to 20°C 3,800 
dissolution can be used in process design. The heat quantities reported 
in Table 3 would have to be supplied to the liquid solutions for the 
dissolution of one mole phosphorus sulfide. Further investigations of 
this type can be made to determine more thermodynamic properties of the 
sulfides and their solutions. 
48 
Water solubility of liquid ammoniated phosphorus sulfides 
The ammoniated sulfides were obtained by evaporating free ammonia 
from the sulfide ammonia solutions. The water solubilities of the 
ammoniated phosphorus sulfides were determined by procedures described in 
Part IV. The liquid-ammoniated phosphorus sulfides prepared at several 
different temperatures were found to have the properties shown in Table 
11 in the Appendix. Phosphorus pentasulfide ammoniated at temperatures 
between -30eC and 20°C contained approximately 22 percent by weight of 
nitrogen and 18 percent by weight of phosphorus. Approximately 89 per­
cent of the nitrogen present was water-soluble at room temperature and 
nearly all of the phosphorus in the liquid-ammoniated phosphorus penta­
sulf ide was water-soluble. 
The liquid-ammoniated phosphorus sesquisulfide contained 16 percent 
by weight of nitrogen, 14.5 of which was water-soluble, and 18.5 percent 
by weight of phosphorus, 10 percent of which was water-soluble. The 
water solubility of phosphorus in the liquid-ammoniated P^S^ varied with 
temperature at which the solution was prepared. A high value, 11 percent 
by weight of phosphorus was soluble in water when p4s3 was ammoniated at 
0eC. 
The liquid-ammoniated P^Sy contained 19.5 percent by weight of 
nitrogen and 15 percent by weight of phosphorus. Of the total nitrogen 
and phosphorus content, 17 percent of nitrogen and 14 percent of 
phosphorus were water-soluble at room temperature if the sulfide was 
ammoniated at temperatures lower than room temperature. However, the 
water-soluble phosphorus in phosphorus heptasulfide ammoniated at 20eC 
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was only 12 percent. It is believed, however, that the properties of 
the liquid-ammoniated phosphorus sulfides vary little with temperature of 
preparation. 
It is observed from the atomic ratios of nitrogen and phosphorus in 
Table 11 that each phosphorus sulfide formed a definite chemical complex 
with ammonia. Phosphorus pentasulfide formed a probable complex 
(NH3> q^P^S q^ at -32.7°C and another complex (NH-j)i2p4sio at temperatures 
between -10 and 20eC. Phosphorus sesquisulfide formed a complex 
(NH^gP^Sg at all temperatures of preparation, while phosphorus heptasul-
fide showed a probable complex (NH^J-^P^Sy at all temperatures. 
The water solubility data show that nearly all the phosphorus in the 
sulfides used in the preparation of solution with liquid ammonia became 
available as water-soluble solid even after the total elimination of 
liquid ammonia. In the case of liquid ammoniated phosphorus pentasulfide 
it can be considered that 100 percent of the phosphorus used in the 
preparation of liquid ammonia fertilizer became available. Consequently 
a solution of liquid ammonia and P^S q^ should make a suitable liquid 
fertilizer. A solution prepared with three parts of phosphorus penta­
sulfide and seven parts of ammonia would be equivalent to 58-19-0 
fertilizer. 
When the ammoniated phosphorus sulfides are dissolved in water, 
sulfur was separated in an elemental form as a precipitate in the aqueous 
solution. It is therefore important that the sulfur should not interfere 
with the application of the liquid-ammonia solutions to soils. Field 
application tests are necessary for the determination of the adaptability 
of the liquid solution as fertilizer. The cost of sulfur consumption 
and preparation of such solutions should be compared with the reduction 
in cost by using such solutions of low vapor pressure instead of pure 
liquid ammonia. A complete cost analysis including the material of 
equipment construction and the cost of phosphorus sulfides in addition 
to those mentioned above will be necessary before such solution can be 
practically and economically used as fertilizer. 
Heat treatment of liquid ammoniated phosphorus sulfides 
Phosphorus sulfides were dissolved in liquid ammonia in concentra­
tions under the saturation point at atmospheric pressure. Ammonia was 
evaporated at room temperature and the residual solid material which 
contained ammonia to the extent shown in Table 11 in the Appendix were 
obtained. These residual solids had the properties corresponding to the 
liquid-ammoniated phosphorus sulfides prepared at -32.7, -32.5, and 
-36.0°C respectively for the sulfides P^S q^, p4s3, and p4s7. The heat 
treatment of these compounds in an inert gas atmosphere produced the 
phosphorus nitride compounds. 
In order to study the behavior of the liquid ammoniated phosphorus 
sulfides under heat treatment, the solid compounds were heated in ammonia 
atmosphere or in the mixture of nitrogen and carbon dioxide at various 
temperatures in the apparatus shown in Figure 4. The heating time varied 
between 5 minutes and 20 minutes. The temperatures used were 500, 650, 
or 800°C. The liquid-ammoniated phosphorus pentasulfide was heated at 
800°C for 40 minutes in ammonia atmosphere, in a preliminary run, to 
give a compound containing 34.4 percent nitrogen and 50.4 percent 
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phosphorus. Very little change in the nitrogen and phosphorus content 
was shown for the samples heated for 20 minutes and for 40 minutes at 
the same temperature. The reaction rate study, therefore, was made in 
this temperature and time range. 
The production of phosphorus nitrides and related compounds from 
the liquid-ammoniated phosphorus sulfides should have an advantage over 
the production from vapor phase-ammoniated phosphorus sulfides because of 
the relatively short time required to prepare a compound with the same 
purity. It should be noted here that phosphorus sesquisulfide cannot 
be ammoniated in vapor phase. 
The analysis of phosphorus and nitrogen in the heat-treated product 
gave the results such as percent nitrogen in product, percent phos­
phorus in product, percent phosphorus and nitrogen, percent nitrogen 
recovery, and percent phosphorus recovery. The last two items were 
obtained by the use of Equations 16 and 17. The results are tabulated 
in Tables 12 through 17 in the Appendix. The relationships between the 
results obtained and the process variables are graphically shown in 
Figures 18 through 29. The percent phosphorus content in the product 
showed little change with respect to the heating time and therefore was 
not shown graphically. However, the subtraction of the percent nitrogen 
from the product purity (percent phosphorus plus percent nitrogen) should 
give the corresponding phosphorus content. 
The percent nitrogen in the product was considerably higher for the 
runs made in ammonia atmosphere than those made in the mixture of 
nitrogen and carbon dioxide at all temperatures. In Figures 18, 19, and 
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20, it can be observed that the percent nitrogen in the product obtained 
from heating the ammoniated sulfide in ammonia stream increases with 
heating time, while that heated in the mixture of nitrogen and carbon 
dioxide decreases slowly as the heating time increases. The percent 
nitrogen in the product was about the same for the heated products from 
the ammoniated and P4S7 but was considerably higher for the product 
obtained from the ammoniated P^ S^ q, 29 percent observed at 800°C and 20 
minutes of heating time. Generally the higher the temperature, the 
higher was the nitrogen content in the product. It can be concluded 
that a small amount of nitrogen decomposed from ammonia at these tempera­
tures reacted with the ammoniated phosphorus sulfides during the heat 
treatment while nitrogen in the bas mixture of nitrogen and carbon 
dioxide was not as reactive as that from decomposed ammonia. 
In Figures 21, 22, and 23, the shape of the curves is almost 
identical to that for nitrogen content in Figures 18, 19, and 20, 
indicating that the phosphorus content did not change appreciably. The 
phosphorus content was about 44 percent by weight of phosphorus and was 
nearly constant for all sulfides and for all heating atmospheres. 
The recovery of nitrogen depended more on the temperature than the 
heating time. The lower the temperature, the higher was the nitrogen 
recovery. This is shown in Figures 24, 25, and 26. The nitrogen recovery 
was higher for the runs using phosphorus pentasulfide than the other two 
sulfides. The nitrogen recovery with the heat treatment in ammonia is 
less meaningful than heat treatment in the mixture of nitrogen and 
carbon dioxide because nitrogen is lost by gaseous ammonia decomposition 
53 
Nitrogen 
product. 
14 _ 
10 
NH3 N2+CO2 
800°C 0 • 
650°C V » 
|500°C a 1 • 1 1 
5 10 15 20 
Time, minutes 
Figure 18. Nitrogen in the product and time of heat treatment 
at different temperatures for the ammoniated p4s3 
heated in ammonia or in nitrogen and carbon 
dioxide 
54 
30 
26 
Nitrogen 
in 
product,22 
% 
18 
14 
800°C o 
650°C v 
500°C • 
? 
10 15 
Time, minutes 
20 
Figure 19. Nitrogen in the product and time of heat treatment 
at different temperatures for the ammoniated P4S10 
heated in ammonia or in nitrogen and carbon 
dioxide 
55 
24 
20 -
Nitrogen 
product 
NH, N«+ CO 
20 10 5 15 
Time, minutes 
Figure 20. Nitrogen in the product and time of heat treatment 
at different temperatures for the ammoniated p4s7 
heated in ammonia or in nitrogen and carbon dioxide 
56 
80 
75 
d 70 Purity 
of 
product, 
% 65 
60 
55 
1 1 1 1 
0 e 800°C 
A A 650°C 
— 
• • 500°C 
0 8 ln NH3 S -
.—0 0 A 
0 / A 
• 
# 
1 
In NL+C09 
A 4 
1 
1 
•
1 
• • #- _ 
• • 
1 1 
10 15 
Time, minutes 
20 
Figure 21. Product purity and time of heat treatment at different 
temperatures in ammonia or in nitrogen and carbon 
dioxide for the ammoniated P4S3 
80 
57 
75 
n 70 Purity 
of 
product, 
% 65 
60 
55 
In C02+ N2 
0 • 800°C 
A A 650°C 
• • 500°C 
10 15 20 
Time, minutes 
Figure 22. Product purity and time of heat treatment at 
different temperatures in ammonia or in nitrogen 
and carbon dioxide for the ammoniated P^S^q 
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Figure 23. Product purity and time of heat treatment at different 
temperatures in ammonia or in nitrogen and carbon 
dioxide for the ammoniated P^ Sy 
60 
50 
Nitrogen 
recovery, 
% 
40 -
59 
0 e 800° C 
A A 650°C 
• • 500°C 
In NH. 
30 
20 
In N2+ C02 
10 15 
Time, minutes 
20 
Figure 24. Nitrogen recovery and time of heat treatment at dif­
ferent temperatures in ammonia or in nitrogen and 
carbon dioxide for the ammoniated p4s3 
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Figure 25. Nitrogen recovery and time of heat treatment at differ­
ent temperatures in ammonia or in nitrogen and carbon 
dioxide for the ammoniated P^S^q 
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Figure 26. Nitrogen recovery and time of heat treatment at differ­
ent temperatures in ammonia or in nitrogen and carbon 
dioxide for the ammoniated P4S7 
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also. 
The relationship between phosphorus recovery and the heating time 
is shown in Figures 27, 28, and 29. At 500°C in ammonia gas a sharp 
increase in the phosphorus recovery was shown for the runs using 
phosphorus sesquisulfide. It is believed that the liquid-ammoniated 
phosphorus sesquisulfide decomposes to produce free red phosphorus 
which vaporizes rapidly during heating. Only a small amount of the 
ammoniated phosphorus sesquisulfide reacts to produce phosphorus nitride. 
When the temperature was 650 or 800eC, this phosphorus was lost within 
5 minutes after the heating was started. The red residue from the 
P^ Sg-liquid ammonia solution was inflammable in atmosphere. 
The phosphorus recovery from the runs using ammoniated P^ S^ Q was 
about three times as high as that from the runs using P4S3 and was about 
10 percent higher than that from the runs using the ammoniated p4s7. The 
higher the temperature and the longer the heating time, the lower was the 
recovery of phosphorus. 
On the basis of the results on the product purity, nitrogen recovery, 
and phosphorus recovery only, it can be said that the ammoniated phos­
phorus pentasulfide is the most preferred among the sulfides investigated 
for the production of phosphorus nitrides and their related compounds by 
this process. In regard to the fact that the ammoniated P^ S^  readily 
decomposes at room temperature and in the atmosphere to produce free red 
phosphorus, the ammoniated phosphorus sesquisulfide should be the least 
favored for the production of phosphorus nitrides. In the previous sec­
tion it was shown that the use of phosphorus sesquisulfide in the 
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Figure 27. Phosphorus recovery and time of heat treatment at 
different temperatures in ammonia or in nitrogen and 
carbon dioxide for the ammoniated P4S3 
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Figure 28. Phosphorus recovery and time of heat treatment at dif­
ferent temperatures in ammonia or in nitrogen and carbon 
dioxide for the ammoniated P^ S^ Q 
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Figure 29. Phosphorus recovery and time of heat treatment at dif­
ferent temperatures in ammonia or in nitrogen and 
carbon dioxide for the ammoniated P^ Sy 
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preparation of liquid-ammonia solutions was disadvantageous because of 
the low availability of phosphorus as determined by the water-
solubility analysis. 
In general, the process utilizing liquid ammonia and phosphorus 
sulfides in producing the intermediate compounds to be used in the 
synthesis of phosphorus nitride compounds required a relatively short 
time of heat treatment compared to the process utilizing vapor phase am­
monia and phosphorus pentasulfide. However, the process using liquid 
ammonia is more difficult and requires a careful design of equipment. 
The behavior of phosphorus heptasulfide toward vapor-phase ammonia 
is the same as that of phosphorus pentasulfide but the ammoniation of 
phosphorus sesquisulfide can only be carried out in the liquid-solid 
phase. Therefore, this property should be considered in the development 
of the synthesis process. 
Ammonium salts from aqueous solutions of ammoniated phosphorus sulfides 
The possibility of producing ammonium phosphate or a mixture of 
ammonium phosphate and sulfate from the aqueous solutions of the 
ammoniated phosphorus sulfides with the use of an oxidizing reagent was 
studied. 
When hydrogen peroxide was added to the aqueous solution of 
ammoniated phosphorus sesquisulfide, a supernatant amorphous sulfur was 
separated. The solution was filtered and the filtrate was heated on a 
steam both to evaporate water. Fine crystals were obtained. The analy­
sis of nitrogen and phosphorus in these crystals which were washed with 
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alcohol and redried gave results shown in Table 4. The nitrogen content 
was the same for both samples and agreed closely with the theoretical 
value 12.18 percent in the pure mono-ammonium dihydrogen phosphate, but 
the phosphorus content was lower than the theoretical value 26.94. This 
indicates that the product is a mixture of ammonium phosphate and sulfate 
the relative quantities of which depend on the amount of hydrogen 
Table 4. Analysis of the crystals from the oxidation of ammoniated 
P4S3 in aqueous solutions 
, Percent Percent 
un num er nitrogen phosphorus 
Batch 1 12.85 15.39 
Batch 2 12.64 20.48 
Pure NH4H2P04 12.18 26.94 
Pure (NH4)2S04 21.22 0 
peroxide added in the oxidation of the ammoniated phosphorus sesquisul-
fide. The use of the larger quantity of hydrogen peroxide gave the 
mixture product more concentrated in sulfate ions. 
It is possible by this method to produce ammonium phosphate or a 
mixed fertilizer consisting of ammonium phosphate and sulfate. 
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Part III. Hydrolysis of Phosphorus Nitrides 
Hydrolysis at high temperatures 
The preparation of solutions containing ammonium phosphate from 
phosphorus nitride was suggested by investigators (1, 19) as an essential 
part of the process investigation in search for a better and more useful 
fertilizer. At low temperatures the hydrolysis of phosphorus nitrides in 
pure water is possible to a certain extent but the rate is very slow. 
Phosphorus nitrides are easily hydrolyzed at high temperatures and it 
was shown that the hydrolysis product is monoammonium dihydrogen phos­
phate. The structure of the crystal compound obtained from the hydro-
lyzed solution by evaporating water and washing with absolute alcohol was 
confirmed by both chemical and X-ray diffraction analysis. 
The investigation of the hydrolysis rate was made in detail for the 
three different forms of phosphorus nitrides. The three different forms 
of phosphorus nitrides which were obtained by heating liquid-ammoniated 
or vapor-phase ammoniated phosphorus pentasulfide had the properties 
shown in Table 5. The methods of preparation of such forms of compounds 
are also briefly described in Table 5. 
The pressure reaction apparatus shown in Figure 12 was used to 
hydrolyze the compounds at high temperatures and pressures. Samples of 
200 milligrams of phosphorus nitride were weighed and wetted with water 
in the bomb. A sufficient amount of water was added to the container 
and the bomb was tightly closed. The bomb was then placed in the heater 
and heater was turned on while the solution was agitated. The hydrolysis 
was carried out either at 200*C or at 150®C. Since the concentration of 
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Table 5. Phosphorus nitrides used in the hydrolysis experiment 
Identification 
of raw material N atoms 
for the hydro1- Nitrogen, Phosphorus, per Method of 
ysis % % P atom preparation 
PN 18.61 45.98 0.896 Gas-ammoniated P4S1Q 
heated in N2KJO2 at 
750°C for 90 minutes 
APA 26.37 46.53 1.255 Liq.-ammoniated P4S10 
heated in ammonia at 
750*C for 30 minutes 
APN 16.66 39.83 0.923 Liq.-ammoniated P4Sl0 
heated in N2+CO2 at 
750*C for 30 minutes 
the salt in water was very low, the vapor pressures of the solution were 
nearly the same as the vapor pressures of pure water at these temperatures. 
The pressures were 224 and 68 pounds per square inch absolute at 200 and 
150*C respectively. Time of the reaction varied from 1 hour to 3 hours. 
However, since the bomb was being slowly heated up along the curves 
shown in Figure 30, the time of reaction for a particular run at the 
given temperature does not correspond to the steady-state temperature 
level. Instead, the reaction was carried out at varying temperatures 
shown by these curves. 
The hydrolyzed solution after a given reaction time was filtered 
and the filtrate was analyzed for phosphorus and nitrogen. The weights 
of the total nitrogen and phosphorus in the solution were divided by the 
total weights of nitrogen and phosphorus which were originally in the 
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Figure 30. Time of heating and the bomb temperature 
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phosphorus nitride samples as determined by the sulfuric-acid digestion 
method, in order to obtain the fractions that were hydrolyzed. The 
hydrolysis results based on the transformation of nitrogen from the 
nitride form into ammonia form were identical to those based on the 
transformation of phosphorus to phosphate. The fractions of phosphorus 
nitride compound that were hydrolyzed under different reaction conditions 
are tabulated in Table 18 in the Appendix. The results are also shown 
graphically in Figures 31, 32, and 33. 
The phosphorus nitride samples from PN series were completely hydro-
lyzed within two hours at 200°C. Approximately 3 hours were required 
for the hydrolysis of APA series phosphorus nitride samples at 200*C but 
the APN series samples were completely hydrolyzed within two hours. It 
was possible to hydrolyze the APN samples completely within three hours 
at 150*C. Less than 15 percent of the APA sample was hydrolyzed at 150*C 
during 3 hours of reaction time while 85 percent of the PN sample was 
hydrolyzed at the same temperature. 
It can be seen that the APN series samples are the easiest to hydro-
lyze in water at all temperatures. The APA series samples are the 
hardest to hydrolyze. The rate of hydrolysis of the APA samples varied 
with the temperature. It is believed that the APA series phosphorus 
nitrides require the highest energy for activation in the process of 
water hydrolysis. Since this sample has the highest purity the result 
can also be interpreted as that the constituent which makes up the 
impurity in the phosphorus nitride compounds consisted largely of the 
PNS molecules which are known to be easily hydrolyzed and that the APA 
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Figure 31. Relationship between percent of the PN series phospho­
rus nitride hydrolyzed and the reaction time 
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samples contain the least number of PNS molecules. 
The time required to hydrolyze a certain phosphorus nitride sample 
should be considerably less than those tabulated if the sample is hydo-
lyzed continuously at a constant temperature of 200 or 150eC rather than 
at a varying temperature. 
Some PN series and APN series samples heated in water for a suffi­
ciently long time contained more phosphorus and nitrogen in the hydrolyzed 
solution than indicated by analyses of the original of nitride by diges­
tion method. The difference was, however, less than 2 percent but it 
should be noted that some phosphorus and nitrogen are probably lost 
during the digestion of phosphorus nitride samples in concentrated 
sulfuric acid, probably in the forms of phosphine and nitric oxide. This 
suggests that the hydrolysis-in-water method should be adapted for the 
analysis of phosphorus and nitrogen in the phosphorus nitride samples 
even though such task would require a considerably longer time. A possi­
ble use of this result in improving the analysis of phosphorus nitride 
samples is discussed in Part IV. 
Hydrolysis at moderate temperatures 
An exploratory study was made to find possible means of hydrolyzing 
the phosphorus nitride compounds at moderate temperatures. Various 
common base and acid solutions were tried to dissolve the product 
through direct reactions. In other cases, the product was fused with 
other salts and then digested. Chloric acid HCIO3, sulfuric acid, and 
phosphoric acid dissolved the phosphorus nitride samples completely at 
their fuming temperatures. Phosphorus nitrides could be dissolved in 
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water after they were fused with KlOg, KClOg, or KC1. No reaction was 
shown when the product was heated to red heat with KOH, Kg**2% (Potassium 
peroxy-disulfate), CaHg (calcium hydride), or NaH. 
In a series of hydrolysis tests in which phosphorus nitrides were 
digested in phosphoric acid in different concentrations, it was found 
that the conversion of phosphorus nitrides involves both hydrolysis and 
oxidation of the product with water, but because of the regeneration of 
phosphoric acid the concentration of the acid does not change. Phos­
phoric acid apparently acts as a catalyst for the hydrolysis reactions. 
Upon crystallization of the hydrolyzed solution, mono-ammonium dihydrogen 
phosphate was produced. 
The long-run availability of phosphorus nitrides as plant nutrient 
was studied using the APA series phosphorus nitride samples. Two hundred 
milligrams of phosphorus nitride was mixed with 50 milliliters of water. 
One gram KC1, 0.1 gram HgSO^ ,, one gram citric acid, one gram K2SO4, or 
0.1 gram phosphoric acid was added to the solution. The samples were 
then left to react for 30 days and 45 days, with occasional stirring. 
One series of samples were reacted at 25*C and the other at 50*C. 
The analysis of the reacted solution gave the results shown in Table 
6. The results are tabulated in the form of the percent phosphorus or 
nitrogen transformed, both being identical to each other. It can be seen 
from this experiment that phosphorus nitrides mixed with certain salts 
and acids such as KCl, sulfuric acid, citric acid, KgSO^ , and phosphoric 
acid can be a good plant nutrient and can be directly used as fertilizer. 
The highly concentrated fertilizer material will undergo various chemical 
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Table 6. Long-run availability of phosphorus nitrides 
Catalyst for Temperature, Time, Percent 
hydrolysis °C days hydrolyzed 
No catalyst 25 30 3.1 
45 3.2 
50 30 38.2 
45 44.0 
KC1 25 30 2.9 
45 3.1 
50 30 29.6 
45 34.0 
H2SO4 25 30 5.8 
45 6.1 
50 30 90.3 
45 90.6 
Citric acid 25 30 4.8 
45 5.5 
50 30 74.1 
45 81.5 
K2SO4 25 30 4.6 
45 5.4 
50 30 18.0 
45 23.1 
h3po4 25 30 5.4 
45 5.7 
50 30 85.8 
45 92.5 
decompositions slowly, and spontaneously become available to the plants. 
The rate of decomposition would be controlled by the conditions of soils 
such as temperature, acidity, and the kind and amount of ingredient 
added to the compounds. Practically, 100 percent of the nutrient will 
become available in a little longer than 45 days if the temperature is 
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kept at 50°C. Under the ordinary conditions the time required to 
completely decompose this compound will be much longer. Therefore, this 
fertilizer material can also be recommended for use in cases where a 
frequent fertilizer application is inconvenient. 
Part IV. Analytical Procedures 
Because of the infrequency that phosphorus nitrides are dealt with, 
the analytical procedures for determining the composition of the nitrides 
and their related compounds are incomplete. The present standard 
procedures for determining nitrogen and phosphorus as well as the method 
suggested by Tschantre* had to be modified in order to analyze these 
compounds. 
In the case where total nitrogen and phosphorus are to be determined 
phosphorus nitrides or their related compounds have to be converted to 
other chemical forms which are soluble in water. Tschantre has suggested 
the digestion of the nitrides in concentrated sulfuric acid at its fuming 
temperature. The digestion in sulfuric acid converts nitrogen into the 
ammonia form and phosphorus into its oxide form. The solution is 
diluted to a known volume with water. From the diluted solution both 
nitrogen and phosphorus can be determined by appropriate methods. 
The determination of phosphorus in the aliquot samples was made by 
the use of the colorimetric determination method for PgOg (9). The 
*Tschantre, M. A., Division of Chemical Development, Tennessee 
Valley Authority, Microdetermination of nitrogen in phosphorus nitrides. 
Private communication. 1956. 
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determination of nitrogen in ammonia form in the aliquot samples was 
made by the semi-micro Kjeldahl method. 
The phosphorus nitride related compounds such as ammoniated phos­
phorus sulfides could be digested in the similar manner described above 
except some extra cautions were required to prevent explosion resulting 
from the direct contact between concentrated sulfuric acid and the 
sulfides. The digestion can be safely carried out by adding sulfuric 
acid to the dilute aqueous suspensions of these sulfides and then 
evaporating excess water. 
The water solubility of phosphorus nitrides and ammoniated phospho­
rus sulfides was determined by preparing aqueous solutions of these 
compounds, letting the solutes dissolve in water for 2 to 3 hours, 
filtering the solutions, and using the colorimetric determination method 
and the micro Kjeldahl method to analyze phosphorus and nitrogen in the 
filtrates. In order to get clear filtrate it was usually necessary to 
run the solution through filter paper two or three times. The water 
soluble nitrogen and phosphorus were defined as the ratios in percent of 
nitrogen and phosphorus present in the filtrate to the total weight of 
sample. 
Attempts were made to determine an efficient and accurate method for 
the analysis of phosphorus and nitrogen, either for total content or 
water soluble fraction. 
A fast digestion resulted when 0.2 grams of phosphorus nitride 
sample was heated at 200°C in a solution prepared from 2 milliliters of 
hydrogen peroxide (30 percent HgOg in water) and 6 milliliters of con­
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centrated sulfuric acid, instead of pure sulfuric acid. It was found 
that the amount of this solution required to digest ammoniated phosphorus 
sulfides depends on the phosphorus content and therefore the required 
quantity can be calculated knowing the ratio of phosphorus content in 
nitrides to that in ammoniated sulfides. 
The digestion time was found to be one of the more important factors 
determining the accuracy of the analysis. The results obtained from the 
digestion of the APA series phosphorusonitrides in the solution 
described above for four hours were 26.46 percent by weight of nitrogen 
and 46.78 percent by weight of phosphorus while the results obtained 
from digesting the same sample for 120 hours were 26.91 percent by weight 
of nitrogen and 47.56 percent by weight of phosphorus. It was seen that 
the nitrogen and phosphorus contents slowly increased with the digestion 
time between 4 hours and 120 hours. 
The addition of 0.5 grams of KgSO^  in the digesting solution did 
not improve the accuracy of the analysis at all lengths of digestion 
time but the addition of 0.5 grams of NagCOg markedly improved the 
results. For this case, the corresponding nitrogen and phosphorus 
contents were 26.83 percent nitrogen and 47.49 percent phosphorus for 
the digestion time of 4 hours, and 27.38 percent nitrogen and 47.67 
percent phosphorus for the digestion time of 120 hours. 
It was evident from the water hydrolysis experiments in Part III 
that the phosphorus and nitrogen content determined by digestion in 
sulfuric acid solutions were not the exact values. Either the digestion 
was incomplete due to insufficient time of digestion or the concentrated 
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acid digestion resulted in the loss of some phosphorus and nitrogen. 
The use of pressure reaction apparatus along with the investigated salt 
catalysts should improve the accuracy of the analytical results for 
phosphorus and nitrogen. 
Both the ordinary and semi-micro Kjeldahl apparatus were used to 
determine the total nitrogen in the solution diluted from the digested 
samples. In series of runs with Kjeldahl apparatus, it was shown that 
for the semi-micro Kjeldahl, a time of distillation of 12 minutes and 
the use of concentrated sodium hydroxide solution (450 grams NaOH/liter 
of H20) gave the best results. 
The recovery of nitrate nitrogen was difficult and could not be 
investigated because the temperature required for the digestion of 
samples was too high to keep the nitrate nitrogen in the solution. The 
ordinary and semi-micro Kjeldahl apparatus eventually gave the same 
results indicating that there was no nitrate nitrogen in the digested 
solutions. 
An improvement in analysis was made by using dilute boric acid 
instead of dilute sulfuric acid for the absorption of distilled liquor 
from the semi-micro Kjeldahl. 
The use of chloric acid and phosphoric acid for the digestion of 
samples made it possible to detect sulfur in the phosphorus nitride 
products. It was believed that sulfur does not exist in the nitride 
compounds as free element. It could be in a complex form which cannot 
be oxidized by ordinary digestion method. It is possible that the 
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impurity consisted of sulfur in the form of PNS which decomposes during 
acid digestion and evolve elemental sulfur. 
* 
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CONCLUSIONS 
The following conclusions may be made on the basis of this investi­
gation in the synthesis of phosphorus nitride related high analysis 
fertilizers: 
1. The maximum degree to which PgSg may be ammoniated in an 
ammonia stream at 14°C is 5 moles ammonia per mole phosphorus 
pentasulfide. 
2. The optimum degree of gas phase ammoniation of P^ S^  is approxi­
mately 2.5 moles nh3 per mole PgSg calculated on the basis of 
the recovery of nitrogen and phosphorus in the subsequent 
preparation of phosphorus nitrides. 
3. The optimum heating time in the production of phosphorus nitrides 
from phosphorus pentasulfide depends on factors such as nitrogen 
recovery, phosphorus recovery, and the product purity. If the 
required purity of the product is 70 percent a heating time be­
tween 80 and 90 minutes is preferred. The purity in all cases 
increases with an increase in temperature and increase in heat­
ing time. 
4. The vapor phase ammoniated phosphorus pentasulfide is completely 
soluble in water at ordinary temperatures. 
5. Both P^ S^ q and P^ S^  can be ammoniated at room temperature with 
gaseous ammonia. p4s3 cannot be ammoniated with gaseous 
ammonia. 
6. All three phosphorus sulfides P4S10, P4S7, and p4s3 are soluble 
in liquid ammonia at temperatures between -40 and 20°C, forming 
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clear reddish brown solutions for pentasulfide and sesquisulfide, 
and a clear yellow solution for heptasulfide. The solubility in 
liquid ammonia is highest for about 52 percent by weight 
of at 20*C. The solubility of P4S7 in liquid ammonia is 
the lowest among the three sulfides. The solubility increases 
with increase in temperature. 
7. The vapor pressures of all solutions of phosphorus sulfides and 
liquid ammonia are lower than that of liquid ammonia at the same 
temperature. A saturated solution of P^ S^ Q at 20°C has a vapor 
pressure 28 percent less than that of liquid ammonia. The 
saturated solutions are highly viscous. 
8. The differential heats of dissolution of phosphorus sesquisul-
fide and heptasulfide are 2,560 and 3,800 calories per gram 
mole respectively at temperatures between -40 and 20°C. The 
differential heats of dissolution of P^ S^ Q in liquid ammonia 
are 2,590 and 1,260 calories per gram mole at temperatures be­
tween -40 and 0°C and between 10 and 20°C respectively. 
9. The liquid-ammoniated phosphorus sulfides after evaporation of 
excess ammonia are soluble in water. Liquid-ammoniated phos­
phorus pentasulfide is 100 percent water-soluble regardless of 
the temperature at which the ammoniates are prepared. Therefore 
the use of a liquid ammonia solution in which phosphorus 
sulfides are dissolved will provide high-analysis fertilizers 
which are concentrated in phosphorus and nitrogen. A solution 
of liquid ammonia containing 30 percent by weight of phosphorus 
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pentasulfide, for instance, is equivalent to a 58-19-0 
fertilizer. 
10. The preparation of phosphorus nitrides from the liquid-
ammoniated phosphorus pentasulfide requires less time for heat 
treatment than the preparation from vapor phase ammoniated 
phosphorus pentasulfide in order to obtain a product of the 
same purity. 
11. A product of phosphorus nitride containing 84.8 percent phospho­
rus and nitrogen can be obtained by heating liquid-ammoniated 
P^ S^ q to 800°C for 40 minutes. Higher product purity can be 
obtained if the sulfides are heated for a longer period. The 
recovery of phosphorus and nitrogen decreases with the increase 
in heating time. 
12. Liquid-ammoniated phosphorus sesquisulfide decomposes under room 
conditions to produce free red phosphorus and ammonia. The de­
composition product is inflammable. 
13. It is possible to produce a mixture of ammonium phosphate and 
sulfate directly from an aqueous solution of ammoniated phospho­
rus sulfide with the use of an oxidizing agent. 
14. The rate of hydrolysis of phosphorus nitride compounds depends 
on the method by which the nitrides are produced. The nitride 
obtained by heating liquid-ammoniated P^ S^ Q at 750eC in a mix­
ture gas of nitrogen and carbon dioxide for 30 minutes is 
completely hydrolyzed within two hours at 200°C and within three 
hours at 150°C. The nitride obtained by heating vapor phase 
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ammoniated P S^^q at 750eC in the gas mixture of nitrogen and 
carbon dioxide for 90 minutes is hydrolyzed at about the same 
rate as above but the nitride obtained by heating liquid-
ammoniated P4S1Q at 750°C in an ammonia atmosphere for 30 
minutes takes a considerably longer time for hydrolysis. The 
hydrolysis time used here would be considerably reduced if the 
hydrolysis reaction was carried out at a constant temperature 
equal to the final temperature indicated. 
15. Phosphorus nitrides can be hydrolyzed at moderate temperatures 
with use of phosphoric acid as catalyst. Sulfuric acid and 
citric acid solutions dissolve phosphorus nitrides at moderate 
temperatures but the rate is very slow. Approximately 90 per­
cent hydrolysis is accomplished in 45 days when phosphorus 
nitrides are left in the dilute sulfuric or citric acid solution 
at 50eC. Potassium-containing salts such as KC1 and KgSO^  
catalyzes the hydrolysis reaction of phosphorus nitrides in pure 
water. Approximately 30 percent hydrolysis can be obtained in 
45 days if these salts are used at 50°C. 
16. Hydrolysis of phosphorus nitrides in water in a pressure reac­
tion apparatus along with the use of various salt and acid 
catalysts can be used for a more accurate analysis of the compo­
sitions of phosphorus nitride compounds. 
17. The digestion of phosphorus nitride in sulfuric acid in the anal­
ysis for phosphorus and nitrogen can be improved by adding a 
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small amount of hydrogen peroxide. The accuracy improves with 
the increase in digestion time. 
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RECOMMENDATIONS 
Further study should be made of the mechanism of reaction of phos­
phorus sulfides with gaseous ammonia and with liquid ammonia. It is 
necessary to determine if reactions are taking place, if the solute 
is in an ammoniated form, and if the solute electrolyses in the 
liquid ammonia solutions. Thermodynamic study of the type shown in 
Part II may be further developed to help understand the properties 
and the behavior of phosphorus sulfides in liquid ammonia. 
It will be necessary to produce some high grade phosphorus nitride 
for the laboratory investigation use. Long-time heating of the 
ammoniated phosphorus sulfides or heating in vacuum the impure 
product may accomplish this. 
Pilot plant study for the synthesis of phosphorus nitrides from phos­
phorus sulfides ammoniated either in gas phase or liquid phase would 
be necessary in order to determine if these compounds can be produced 
economically. A complete cost analysis including the production and 
material cost compared to that of ordinary commercial fertilizers 
should be made. 
Field application tests are necessary for the determination of the 
adaptability of the liquid ammonia-phosphorus sulfide solutions as 
high-analysis fertilizers. 
The hydrolysis of phosphorus nitrides with high-pressure steam should 
be investigated. 
The water-hydrolysis method combined with the use of inert salts 
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should be adapted for the more accurate analysis of phosphorus and 
nitrogen in phosphorus nitride compounds. 
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APPENDIX: TABLES OF RESULTS 
Table 7. Vapor-phase ammoniation of phosphorus pentasulfide, cumulative 
ammonlatlon, and rate of ammoniation 
Cumulative Moles NH3/ Moles NH3/ 
time, mole P^ S^  mole PgSg/ 
minutes minute 
NH3 flow rate, 350 cm/min. 
44 0.73 0.0172 
71 1.46 0.0183 
127 1.93 0.0114 
172 2.39 0.0099 
24 1 2.60 0.0082 
310 2.81 0.0063 
465 3.33 0.0037 
622 3.84 0.0031 
796 4.08 0.0023 
1010 4.32 0.0017 
NH3 flow rate, 700 cm/min. 
36 0.85 0.0175 
77 1.69 0.0128 
148 2.03 0.0082 
217 2.37 0.0064 
328 2.72 0.0110 
426 3.06 0.0045 
531 3.44 0.0035 
710 3.81 0.0027 
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Table 8. Effect of degree of ammoniation on product purity, recovery, 
and raw material cost 
Degree of 
ammoniation, 
moles NH3/ Recovery, % Purity* Combined 
mole PgSg N P 7. recovery2 
Heated at transient temperatures for 90 minutes^  
1.58 64.88 51.73 66.13 60.70 
2.37 58.97 69.23 60.79 62.72 
2.94 51.90 76.30 67.33 59.62 
3.83 44.22 81.85 67.25 57.80 
4.32 36.33 85.15 62.47 54.24 
Heated at steady temperature for 90 minutes^  
1.58 73.02 61.87 64.89 68.98 
2.37 65.69 75.48 67.24 . 69.12 
2.94 56.33 78.84 69.24 64.20 
3.83 46.19 81.55 62.91 58.96 
4.32 38.04 88.24 62.69 56.20 
Vrhe sum of phosphorus and nitrogen content. 
I^ncludes only raw material costs and was based on the prices of 
P2S5 and NH3 as 13% cents/lb. and 24 cents/lb. respectively. 
T^he average of results of heating from room temperature to 650, 
725, and 800eC. 
T^he average of results of heating at 650, 725, and 800°C. 
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Table 9. Results for 30 randomized plots for the heat treatment of 
ammoniated phosphorus pentasulfide 
Time of Composition, % 
heat Water Water Water 
treatment, Temp. Recovery, % Purity soluble insoluble insoluble 
min. eC N2 P % N N P 
Nitrogen atmosphere 
20 650 70.01 79.76 60.88 2.64 17.53 35.98 
725 71.42 79.00 63.64 1.58 19.92 39.85 
800 69.09 76.98 67.93 0.90 21.94 44.07 
40 650 69.79 77.65 64.25 1.77 19.81 39.04 
725 71.59 78.74 65.29 1.49 20.66 40.82 
800 67.25 75.01 67.88 1.26 21.55 43.70 
60 650 71.41 80.92 63.38 2.22 18.85 38.20 
725 69.81 78.21 65.75 1.57 20.38 41.45 
800 69.01 78.46 68.82 1.15 21.68 44.46 
80 650 70.33 78.77 64.71 1.59 20.09 40.51 
725 69.73 79.71 66.39 0.82 21.13 43.10 
800 67.82 80.80 68.93 0.94 21.21 45.80 
100 650 68.36 80.28 67.17 0.83 20.97 42.18 
725 61.70 72.35 69.69 0.68 21.96 44.89 
800 53.83 69.89 71.74 0.54 21.20 48.21 
80% nitrogen and 20% carbon dioxide atmosphere 
20 650 70.19 80.41 62.95 2.08 18.17 39.46 
725 72.01 80.26 64.80 1.73 20.05 40.55 
800 66.08 74.52 63.65 1.80 19.43 39.56 
40 650 71.19 81.37 63.48 1.81 19.17 40.18 
725 69.97 86.54 69.05 1.69 19.95 45.22 
800 67.72 77.18 66.28 1.52 20.43 41.56 
60 650 69.63 75.53 66.28 1.75 19.40 38.63 
725 66.81 82.95 68.33 1.58 19.77 45.11 
800 64.70 78.87 63.64 1.05 19.09 41.72 
80 650 68.42 77.61 63.22 1.83 19.18 38.88 
725 68.87 80.64 64.54 1.28 19.71 42.93 
800 65.40 75.89 64.40 0.81 20.36 41.49 
100 650 64.09 78.29 66.29 0.64 20.31 43.08 
725 62.47 77.10 67.80 0.23 21.05 45.38 
800 56.62 73.86 69.94 0.19 20.47 46.80 
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Table 10. Solubility of phosphorous sulfides in liquid ammonia8 and the 
temperature and vapor pressure of solutions 
Concen­ Vapor pres­
tration, sure of 
Solute Temperature, 1/T, °K"L weight Molality solution, 
"C percent psia 
P4S10 -32'7 0.00416 34.0 1.16
b 14.3 
-10.0 0.00380 14.6 0.39 41 
32.7 1.10 39 
37.6 1.36 36 
40.3 1.52^  36 
0.0 0.00366 14.6 0.39 62 
32.7 1.10 56 
37.6 1.36 52 
42.9 1.69 51 
43.7 1.75b 48 
10.0 0.00353 14.6 0.39 88 
32.7 1.10 82 
37.6 1.36 75 
42.9 1.69 75 
47.9 2.07^  66 
20.0 0.00341 14.6 0.39 124 
32.7 1.10 118 
37.6 1.36 110 
42.9 1.69 106 
50.5 2.30 88 
52.0 2.44 89 
P4S3 -32.5 0.00416 23.1 1.37^  14.3 
-10.0 0.00380 18.0 1.00 44 
22.8 1.35 43 
29.5 1.90 40 
33.0 2.24b 39 
aPure liquid ammonia has vapor pressures 42, 62, 89, and 124 psia 
at -10*, 0°, 10*, and 20°C, respectively. 
S^aturated 
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Table 10. (Continued) 
Solute Temperature 1/T, 0K_1 
Concen­
tration, 
weight Molality 
Vapor pres­
sure of 
solution, 
P4S3 0.0 0.00366 18.0 1.00 63 
22.8 1.35 63 
29.5 1.90 56 
36.7 2.63b 54 
20.0 0.00341 10.0 0.51 126 
12.0 0.62 125 
14.2 0.75 122 
19.1 1.07 120 
24.7 1.49 116 
31.4 2.09 114 
39.4 2.96 105 
44.2 3.60b 100 
P4S7 -36.0 0.00422 8.1 0.25b 14.3 
-10.0 0.00380 7.1 0.22 42 
9.1 0.29 41 
10.1 0.32 40 
11.7 0.38 37 
11.9 0.39 36 
13.8 0.46 35 
16.4 0.56b 35 
0.0 0.00366 7.1 0.22 63 
9.1 0.29 63 
10.1 0.32 63 
11.7 0.38 61 
11.9 0.39 60 
13.8 0.46 60 
17.6 0.61 56 
19.5 0.70 56 
21.0 0.76 55 
20.0 0.00341 8.4 0.26 125 
10.7 0.34 122 
12.7 0.42 122 
15.9 0.55 121 
20.4 0.74 120 
27.5 1.09 115 
28.4 1.14b 114 
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Table 11. Properties of liquid-ammoniated phosphorus sulfides a 
Solute 
Temperature 
°C 
Total , % 
N atoms 
per 
P atom 
Water soluble, 7 
P N P N 
P4S10 -32.7 21.20 18.39 2.555 18.46 18.36 
-10.0 22.43 16.64 2.984 19.80 16.60 
20.0 22.50 17.36 2.869 19.16 16.61 
P4S3 -32.5 15.35 18.69 1.818 14.56 7.80 
0.0 15.60 18.63 1.853 14.33 11.12 
20.0 16.68 18.26 2.021 14.70 10.11 
P4S7 -36.0 20.74 15.11 3.040 17.29 14.46 
0.0 18.90 14.51 2.884 17.39 14.43 
20.0 19.27 15.25 2.798 16.95 11.98 
*From saturated solutions. 
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Table 13. Properties and recovery of the product from the heat 
treatment of. the liquid-ammoniated phosphorus pentasulflde 
in nitrogen and carbon dioxide atmosphere 
Temper­
ature , Time, Properties, % 
N atoms 
per Recovery. % 
eC min. N P N + P P atom N P 
800 5 20.99 43.79 64.78 1.060 40.78 87.12 
10 22.35 45.18 67.53 1.093 42.98 88.98 
15 21.97 44.46 66.43 1.092 40.68 84.27 
20 21.13 44.56 65.69 1.051 36.20 78.27 
650 5 22.93 42.01 64.94 1.210 47.62 89.43 
10 23.06 42.83 65.89 1.192 45.69 86.98 
15 22.95 43.24 66.19 1.173 45.21 87.30 
20 22.52 41.54 64.06 1.200 43.90 82.96 
500 5 18.52 34.20 52.72 1.200 45.86 86.80 
10 22.32 39.30 61.62 1.259 47.94 86.58 
15 21.42 40.59 62.01 1.169 44.96 87.25 
20 21.97 41.91 63.88 1.160 44.60 87.15 
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Table 14. Properties and recovery of the product from the heat 
treatment of the liquid-ammoniated phosphorus sesqulsulflde 
in an ammonia atmosphere 
Temper­
ature, Time, Properties. % 
N atoms 
per Recovery. % 
eC min. N P N + P P atom N P 
800 5 23.04 42.87 65.91 1.191 31.46 23.87 
10 24.24 43.73 67.97 1.228 31.62 23.26 
15 25.19 45.43 70.62 1.229 31.42 23.10 
20 24.72 43.80 68.52 1.251 28.57 20.67 
650 5 22.23 42.22 64.45 1.167 34.88 27.02 
10 23.08 43.29 66.37 1.182 35.98 27.52 
15 24.39 43.24 67.63 1.249 36.33 26.27 
20 24.87 45.60 70.47 1.207 35.97 26.93 
500 5 15.23 47.61 62.84 0.707 41.26 52.65 
10 20.77 49.74 70.51 0.922 41.60 40.73 
15 22.39 47.78 70.17 1.038 38.60 33.63 
20 24.45 45.84 70.29 1.181 41.58 30.95 
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Table 15. Properties and recovery of the product from the heat 
treatment of the liquid-ammoniated phosphorus sesqulsulflde 
in nitrogen and carbon dioxide atmosphere 
Temper- N atoms 
ature, Time, Properties, % per Recovery, % 
°C min. N P N + P P atom N P 
800 5 17.45 44.64 60.09 0.874 26.38 26.82 
10 17.07 44.09 61.16 0.855 25.81 26.52 
15 16.56 43.76 60.32 0.837 24.95 26.23 
20 16.28 44.03 60.31 0.817 24.52 26.37 
650 5 17.42 42.04 59.46 0.917 24.50 25.17 
10 17.56 43.32 60.88 0.897 26.18 25.67 
15 17.37 44.34 61.71 0.867 25.39 25.77 
20 16.58 44.49 61.07 0.824 25.48 27.17 
500 5 16.85 42.66 59.51 0.874 25.40 25.57 
10 16.69 43.86 60.55 0.823 25.42 26.57 
15 16.58 42.68 59.26 0.860 26.60 27.22 
20 16.29 42.83 59.12 0.841 25.91 27.08 
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Table 16. Properties and recovery of the product from the heat 
treatment of the liquid-ammoniated phosphorus heptasulflde 
in an ammonia atmosphere 
Temper­
ature, Time, Properties, % 
N atoms 
per Recovery, % 
°C min. N P N + P P atom N P 
800 5 22.52 44.90 67.42 1.110 28.30 67.80 
10 23.18 46.85 70.03 1.095 28.24 68.65 
15 23.08 47.32 70.40 1.081 27.00 66.07 
20 23.37 47.97 71.34 1.079 25.42 62.78 
650 5 22.19 44.47 66.66 1.105 32.20 77.50 
10 22.98 45.50 69.48 1.118 26.58 63.00 
15 22.01 43.98 65.99 1.110 27.86 66.60 
20 23.85 45.99 69.84 1.150 29.60 68.50 
500 5 21.00 40.32 61.32 1.152 30.38 70.00 
10 23.21 43.33 66.54 1.190 31.48 70.55 
15 23.92 41.83 65.75 1.270 32.80 68.96 
20 24.00 43.43 67.43 1.226 32.00 69.40 
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Table 17. Properties and recovery of the product from the heat 
treatment of the liquid-ammoniated phosphorus heptasulflde 
in nitrogen and carbon dioxide atmosphere 
Temper- N atoms 
ature, Time, Properties, 7, per Recovery. % 
*C min. N P N + P P atom N P 
800 5 
10 
15 
20 
650 5 
10 
15 
20 
500 5 
10 
15 
20 - -
19.59 44.69 
18.18 45.03 
17.03 44.40 
17.88 45.94 
18.24 43.21 
17.05 42.74 
17.52 43.30 
17.30 43.81 
17.09 37.44 
15.11 40.30 
15.98 41.36 
16.45 41.20 
64.28 0.970 
63.21 0.893 
61.43 0.850 
63.82 0.862 
61.45 0.935 
59.79 0.883 
60.82 0.897 
61.11 0.875 
54.53 1.010 
55.41 0.831 
57.34 0.855 
57.65 0.884 
25.44 70.07 
23.54 70.00 
21.76 67.96 
21.98 66.14 
24.98 71.10 
23.80 71.60 
23.52 69.44 
22.58 68.50 
28.36 74.50 
21.48 68.92 
22.08 68.60 
21.78 65.50 
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Table 18. Results on hydrolysis of phosphorus nitrides 
Temper- Près- Percent hydrolyzed 
ature, sure, Time, PN APA APN 
°C psia hours series series series 
200 225 1.0 
1.5 
2.0 
2.5 
57.1 
87.0 
95.7 
99.8 
25.8 
50.9 
93.3 
98.0 
86.1 
96.7 
100.0 
100.0 
150 69 1.0 
2.0 
3.0 
39.9 
63.4 
84.9 
4.2 
10.3 
12.9 
36.2 
82.6 
100.0 
